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215 Abstract
16 1. Bee-friendly plants are defined by the quantity of food they produce and the visitation 
17 rates of adult insects foraging for nectar. However, it is pollen nutritional quality that 
18 enables proper larval development of bees, affecting their populations. Not all plants 
19 produce pollen that satisfies the nutritional requirements of bee larvae, and we lack an 
20 understanding of how different plant pollens impact bee nutritional demands. This study 
21 examined whether nutritionally desirable key plant species may promote wild bee larval 
22 development, which is essential if the population is to thrive.
23 2. The generalist solitary mason bee Osmia bicornis L. was used as a model species to 
24 examine differences between bee larva nutritional demand and host plant nutrient supply; 
25 an ecological stoichiometry framework was applied. The stoichiometric ratios of 12 
26 elements were investigated in bee bodies and cocoons (reflecting nutritional demand) and 
27 in the pollen supplied by the mother (nutritional supply; N=15 x 2 sexes). Similarly, the 
28 stoichiometry of 62 pollen taxa, including native, alien, and garden plants and crops, was 
29 compared with the bee demand based on the literature.
30 3. Compared to males, females had higher demands for P, Cu and Zn and were supplied 
31 with pollen richer in these elements. Therefore, when collecting pollen for their progeny, 
32 Osmia provides daughters and sons with different pollen mixtures, reflecting sex-specific 
33 nutritional demand.
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334 4. Bees may be limited by the availability of P, Na, Mn, Mg, K, Fe, Ca, Zn and Cu, with 
35 high taxonomic variability in their concentrations in pollen. Female fitness may be 
36 particularly related to a high proportion of P in the diet.
37 5. Synthesis and applications. Access to key plant species that allow nutritionally balanced 
38 larval diets may be essential for bee development, whether food is gathered intentionally 
39 or randomly. Such plant species – and not only those rich in nectar and pollen – should be 
40 promoted in wild bee conservation efforts, including planting flower strips and 
41 hedgerows. Bee-friendly plants should not be defined and planted solely based on the 
42 quantities of food they produce and on the visitation rates of adult insects foraging for 
43 energy.
44
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46
47 Foreign language abstract (PL)
48 1. Rośliny przyjazne pszczołom są określane na podstawie ilości produkowanego pokarmu 
49 (tzw. rośliny miododajne i pyłkodajne), a nie jego jakości. Jednocześnie, jakość pokarmu 
50 wpływa na rozwój larwalny, a zatem warunkuje zdrowie i kondycję pszczół. W 
51 konsekwencji działania ochroniarskie skupione na poprawie bazy pokarmowej dla 
52 pszczół przynoszą niezamierzone, negatywne efekty. Zbadano czy dostęp do kluczowych 
53 gatunków roślin, produkujących pyłek o odpowiedniej jakości odżywczej, ma znaczenie 
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454 dla bilansowania diety larw dzikiej pszczoły. Wyniki przedyskutowano w kontekście 
55 zastosowania w działaniach poprawiających bazę pokarmową pszczół.
56 2. Pracę oparto na programie badawczym stechiometrii ekologicznej, modelem badawczym 
57 była Osmia bicornis, generalista pokarmowy. Atomowy fenotyp, tj. proporcje atomów 
58 budujących kokon i ciało dorosłej pszczoły, wyznacza popyt larwy na poszczególne 
59 pierwiastki, potrzebne do budowy dorosłego ciała i kokonu. Podobnie, skład pyłku to 
60 podaż materiału budulcowego dostępnego w środowisku. Badając populację pszczoły w 
61 warunkach naturalnych porównano popyt pszczoły na materiał budulcowy, z jego podażą 
62 w pyłku zbieranym przez matki dla larw. Dodatkowo, wykorzystując dane literaturowe, 
63 porównano popyt pszczoły z podażą w pyłku produkowanym przez 62 gatunki roślin 
64 (rodzime, obce, ogrodowe oraz uprawne). W tym celu przeanalizowano proporcje 12 
65 najważniejszych pierwiastków składających się na atomowy fenotyp pszczoły w ciałach i 
66 kokonach pszczół oraz w pyłku.
67 3. Osmia dostarcza larwom pyłek, którego jakość odżywcza jest dopasowana do płci 
68 potomstwa: samice wykazały większy popyt na P, Cu i Zn, niż samce i były 
69 zaopatrywane przez matki w pyłek bogatszy w atomy tych pierwiastków.
70 4. Rozwój, zdrowie i kondycja pszczoły są ograniczane przez dostępność P, Na, Mn, Mg, 
71 K, Fe, Ca, Zn oraz Cu w pokarmie larwalnym – pyłku; ta dostępność zależy od gatunku 
72 pyłku.
73 5. Istnieją kluczowe gatunki roślin zapewniające larwom pszczół odpowiedni bilans diety i 
74 pozwalające na optymalny rozwój.
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575 6. Zastosowanie praktyczne. Dostęp do pyłku odpowiedniej jakości, produkowanego przez 
76 kluczowe gatunki roślin, pozwala pszczołom na zbilansowanie diety swoich larw. Te 
77 kluczowe gatunki roślin – a nie tylko gatunki produkujące duże ilości nektaru/pyłku 
78 (miododajne/pyłkodajne) – powinny być wykorzystywane w działaniach poprawiających 
79 bazę pokarmową pszczół (np. tworzenie specjalnych pasów zieleni albo mieszanek 
80 nasion do wysiewania dla pszczół). Należy przestać definiować rośliny przyjazne 
81 pszczołom wyłącznie na podstawie ilości oferowanego pokarmu i uwzględniać również 
82 bilansowanie diety dla larw.
83
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684 Introduction
85 The nutritional needs of bee larvae differ from those of adults. Adult bees (feeding 
86 mostly on nectar) are energetically limited, whereas larvae are limited by the availability of 
87 body-building nutrients in their food (pollen). However, studies considering bee nutrition have 
88 focused mostly on adults. It is known that not all plants produce pollen that satisfies the 
89 nutritional requirements of bee larvae and that the pollen of specific plants mixed in the correct 
90 proportion may compose a balanced diet (Bukovinszky et al., 2017). Consequently, although 
91 floral diversity has been identified as an important factor for the fitness and population growth of 
92 pollinators (Cole, Brocklehurst, Robertson, Harrison, & McCracken, 2017; Kaluza et al., 2017; 
93 Kaluza et al., 2018), the nutrient composition delivered to larvae is of paramount importance to 
94 ensure healthy development of individuals and growth of populations (Filipiak, 2018; Vaudo, 
95 Tooker, Grozinger, & Patch, 2015).
96 The framework of ecological stoichiometry (or biological stoichiometry) is a promising 
97 approach to this issue. It allows questions about the most basic mechanism shaping the 
98 nutritional ecology of bees, i.e., balancing the larval diet to enable larval growth, development 
99 and pupation into the adult body equipped with all the structures needed for maximal fitness 
100 (Filipiak, 2018). The growth and development of every cell, tissue, organism and population is 
101 subject to the law of conservation of mass. Thus, organisms build their bodies by relying on 
102 thousands of chemical reactions, all of which must be chemically balanced. This rule is similar to 
103 the case of a single chemical reaction, in which the atomic composition of the reactants is 
104 identical to the atomic composition of the products (Sterner & Elser, 2008). Therefore, 
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7105 insufficient concentrations of certain atoms in food prevent the production of tissues and 
106 physiologically important molecules that are constructed from this food either by the consumer 
107 itself or by its microbiota. The demand for resources used for growth and development is 
108 reflected in organismal stoichiometry (Kay et al., 2005), i.e., the elemental phenotype of an 
109 organism (Jeyasingh, Cothran, & Tobler, 2014). Organismal stoichiometry is homeostatic and 
110 species specific because it is a consequence of the particular structure, physiology and 
111 metabolism of different taxa (Bartrons, Sardans, Hoekman, & Peñuelas, 2018; González et al., 
112 2018; Sterner & Elser, 2002). The degree of stoichiometric homeostasis is higher in heterotrophs 
113 than in autotrophs (Sterner & Elser, 2002) and may be higher for macroelements than for 
114 microelements (Bradshaw, Kautsky, & Kumblad, 2012).
115 Under these conditions, there is intraspecific variation in organismal stoichiometry, but it 
116 always remains within the limits of stoichiometric homeostasis specified by trophic position and 
117 phylogeny (Bartrons et al., 2018; González et al., 2018; Leal, Seehausen, & Matthews, 2017). 
118 Within this context, a mismatch between the atomic ratios of an organism’s adult body and its 
119 larval food is expected to have negative fitness consequences (Kay et al., 2005; Kay & Vrede, 
120 2008). This phenomenon is called stoichiometric mismatch and is mathematically understood as 
121 much lower atomic proportions of C:any other element in the consumer’s body than in its food 
122 (Denno & Fagan, 2003). Considering the framework of ecological stoichiometry, the quantity of 
123 food provided to bee larvae cannot substitute for its quality, and the observed toxic effects of a 
124 particular diet on an organism may be caused by stoichiometric mismatch rather than by toxic 
125 substances (Jones & Flynn, 2005). Bees may have almost infinite access to energy-rich food 
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8126 (nectar) that suits the nutritional needs of energetically limited adults. However, their populations 
127 and communities may be shaped by nutritional limitations experienced during the larval life 
128 stage resulting from inadequate nutritional composition of pollen.
129 This study investigated (1) the demand of growing bees for high-quality food as body-
130 building material and (2) the supply of body-building nutrients in potential bee food, i.e., pollen 
131 of various plant species. It was hypothesized that due to taxonomic variability in pollen 
132 stoichiometry, the use of random pollen as a food source by bees would result in severe 
133 stoichiometric mismatch. Within this context, the role of floral diversity, especially the 
134 accessibility of nutritionally desirable key species, was assessed as a factor in promoting 
135 adequate nutritional balance in bees. This study is an important step in understanding the role of 
136 pollen stoichiometric quality in shaping bee populations, and it provides the foundation for future 
137 experimental studies to better understand the nutritional supply of various pollens to bees. The 
138 study provides, for the first time, critical information on the nutritional quality of different pollen 
139 species for wild bees. The findings can be used by stakeholders, landowners, farmers and 
140 producers of bee-friendly seed mixes to compose proper mixes of plant species for flower strips 
141 and hedgerows and when designing agri-environmental strategies that promote floral food 
142 resources for bees.
143
144 Materials and methods
145 The concentrations and stoichiometry of 12 elements (C, N, S, P, K, Na, Ca, Mg, Fe, Zn, 
146 Mn, and Cu) in the total production (body and cocoon) of O. bicornis in both sexes and in the 
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9147 larval food (pollen) from which this production was made were investigated. Stoichiometric 
148 mismatches were calculated to determine which elements are scarce in pollen but required to a 
149 high degree by the bee and thus limit its development and growth.
150 A wild native population of the solitary mason bee, Osmia bicornis L., was chosen as a 
151 model system. As a generalist species that uses a variety of plants as food sources, this bee is 
152 suitable for studying the impact of the quality of food resources upon bees (Filipiak, 2018).
153
154 Study design
155 The O. bicornis trap nest was established in an experimental garden at the Institute of 
156 Environmental Sciences, Jagiellonian University (Kraków, Poland; 50°01’35”N, 19°54’05”E; 
157 elevation: 213 m.a.s.l.; mean annual temperature: 8.7°C; mean annual precipitation: 679 mm). 
158 The feeding experiment was performed under natural conditions in which O. bicornis specimens 
159 developed on pollen gathered from the naturally available pollen pool and provisioned by their 
160 mothers. The trap nest consisted of 460 empty Phragmites sp. stems of various sizes that were 
161 mounted in a wooden case and protected from rain (tarp cover) and predators (only the front 
162 side, which was covered with mesh, was open). Bee larvae were provisioned by mothers with 
163 pollen from plants that were in bloom during the course of the study. The species composition of 
164 available flowering plants changes throughout the season; therefore, to ensure that uniform 
165 pollen loads were delivered to bees, only nests established over two weeks were studied, between 
166 1 and 15 May 2014. At the end of the experiment (15 May), stems that were not settled, not filled 
167 completely, and not closed by mothers with mud chop (which indicates finished nesting) were 
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10
168 removed. Among the completely filled stems, 30 stems were chosen randomly, of which 15 were 
169 used for pollen supply collection and 15 were left to allow the bees to develop to maturity. From 
170 every stem chosen for pollen supply collection, two pollen loads were acquired: the one furthest 
171 from the stem entrance that had an egg laid on the top (female) and the one nearest to the stem 
172 entrance that had an egg laid on the top (male). If the pollen supply had no egg on top, it was not 
173 considered, and the nearest pollen supply with an egg was used instead. Eggs were separated 
174 from pollen for pollen analyses. Similarly, after three months, two cocoons that contained adult 
175 specimens were collected from every stem left for bee development: one containing the female 
176 inhabiting the cell furthest from the stem entrance and one containing the male inhabiting the cell 
177 closest to the stem entrance. Each adult body together with its cocoon was considered to be the 
178 total production of the bee based on the supplied pollen and is hereafter referred to as 
179 “production”. Growing bees demand all the elements required for production in adequate 
180 proportions; thus, the elemental composition of the production is called the “demand”. Similarly, 
181 the elemental composition of the pollen supplied by the mother, which constitutes the only food 
182 source for developing bees, is termed the “supply”. To determine the stoichiometric mismatch 
183 between bee demand and supply, the concentrations of 12 elements (C, N, S, P, K, Na, Ca, Mg, 
184 Fe, Zn, Mn, and Cu) in the production of 2 sexes of O. bicornis and in the pollen provisioned by 
185 their mothers were measured. Measurements were collected from a total of 60 samples (15 
186 samples representing demand and 15 samples representing supply for each sex).
187
188 Chemical analyses
Page 10 of 88Journal of Applied Ecology
11
189 The C, N and S concentrations were determined using a Vario EL III automatic CHNS 
190 analyzer; the K, Ca, Mg, Fe, Zn, Mn, Cu and Na concentrations were determined using atomic 
191 absorption spectrometry (Perkin-Elmer AAnalyst 200 and Perkin-Elmer AAnalyst 800); and the 
192 P content was determined by colorimetry (MLE FIA). The samples were ground and 
193 homogenized using a mortar and coffee grinder and freeze-dried to a dry mass. From each 
194 ground and homogenized sample, two analytical subsamples were obtained: (1) a liquid solution 
195 subsample suitable for analyzing the concentrations of K, Ca, Mg, Fe, Zn, Mn, Cu, Na and P and 
196 (2) a subsample with which to directly analyze the C, N and S concentrations.
197
198 Trophic stoichiometric ratio (TSR) – the measure of stoichiometric mismatch for bees feeding 
199 on various pollen species
200 The trophic stoichiometric ratio (TSR; Filipiak and Weiner (2017)) was used to identify 
201 pollen species imposing stoichiometric mismatches on O. bicornis and therefore limiting bee 
202 growth and development:
203
    : / :x food consumerTSR C X C X ,
204 where C is the carbon concentration, and X is the concentration of element x. The assimilation 
205 efficiency (AE) of atoms is assumed to be a maximum (100%) except for carbon (lost to 
206 respiration; AE 25%). Thus, TSR ≥ 1 / 0.25 (TSR ≥ 4) indicates stoichiometric mismatch. The 
207 explanation and rationale for using the TSR is presented in the Supplement (Appendix S1). Note 
208 that the TSR conservatively assumes the assimilation of 100% of available noncarbon elements; 
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209 therefore, in natural situations, the limitations may be stricter and will not be less strict than those 
210 estimated using the TSR.
211 In this study, the TSR values were calculated for bees feeding on (1) the pollen supply 
212 provisioned by their mothers, i.e., pollen on which they fed in reality, and (2) pollen produced by 
213 various plant species for which data on elemental composition are available, i.e., random pollen 
214 that theoretically might be available.
215 In case (1), data were gathered in the field experiment in which the bees did not directly 
216 feed on the pollen provisions that were chemically analyzed; instead, the measurements were 
217 conducted using randomly selected, representative pollen provisions from the pool available to 
218 the developing bees. Therefore, to assess the possibility that the pollen compositions provided to 
219 the bees by their mothers imposed limitations on production, a randomization procedure was 
220 applied, and the TSR values were calculated from the C:X ratios of 30 (15 x 2 sexes) measured 
221 pollen loads and 30 (15 x 2 sexes) measured bee total productions. These values were randomly 
222 drawn from the distributions of the measured elemental contents for bees and pollen. For each 
223 sex, the total number of calculated TSR values was 15 x 15 = 225.
224 In case (2), the potential of the specific floral composition forming the available food 
225 base to shape the bee population was investigated. The available data on the pollen stoichiometry 
226 of various plant species, presented in Filipiak et al. (2017; Table S6), were used. From this 
227 dataset (85 pollen taxa compiled from 14 studies published in the past 75 years), 62 pollen taxa 
228 that occur within the area inhabited by O. bicornis were chosen for further investigation 
229 (including wild native species, alien species, and plants cultivated in gardens and crops; the full 
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230 list is given in supplementary Table S1). The data on the pollen stoichiometry of various plant 
231 species were used as the numerator to calculate the TSRs for these plant species. The TSR values 
232 were calculated using the reported mean concentrations of non-C elements in pollen calculated 
233 for a single species/genotype/collection site in a single study, as presented in Table S6 by 
234 Filipiak et al. (2017). Carbon concentrations were not reported; therefore, the mean C 
235 concentration in pollen measured in this study provided for both sexes (46.1% dry matter; N=30, 
236 SD=1.56) was used. Similar to case (1), the concentrations of elements in the bee total 
237 production measured in this study were used in the denominator; therefore, 15 C:X ratios were 
238 possible in the denominator. In the numerator, where literature data on pollen were used, various 
239 combinations were possible, depending on pollen species and element, ranging from 1 to 26. 
240 Therefore, the total number of calculated TSR values could vary from 15 (1x15) to 390 (26x15). 
241 From these numbers for every pollen species and element, the same number of 225 TSR values 
242 was calculated, exactly as in case (1), to enable the appropriate comparison of values and 
243 descriptive statistics (medians, percentiles) between calculations performed in cases (1) and (2). 
244 Based on the calculated TSR values, (i) pollen taxa that may promote stoichiometric balance in 
245 the O. bicornis larval diet and (ii) pollen taxa that are highly unbalanced for O. bicornis were 
246 identified. For (i), the concentrations of at least 5 elements were given, and at most 1 of them 
247 was limiting for any sex. For (ii), at least 3 elements were limiting for at least 1 sex. They are 
248 shown in Table S1.
249 Total production includes the adult body and cocoon and was used for the calculations 
250 because it represents the total amount of every nutrient that was assimilated from food by the 
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251 larva during development. A correctly developed adult body and cocoon are both required to 
252 increase the chances of survival and maximize individual fitness.
253
254 Statistical analysis
255 The Mann-Whitney U test (Statistica 13) was used to assess the significance (p < 0.05) of 
256 differences between sexes in the concentrations of elements in bee-supplied pollen (supply) and 
257 bee production (demand).
258 PERMANOVA (R 3.5.2 with vegan 2.5-4; Oksanen et al., 2019; R Core Team, 2018) 
259 was used to test whether the sexes are significantly differentiated in multielemental 
260 stoichiometry, with tests run separately for demand and supply. To further investigate which 
261 elements are most responsible for this differentiation, principal component analysis was 
262 performed on a correlation matrix (PCA, Canoco 5), and to assess the differences among the 
263 indicated clusters of sexes, independent t-tests (p < 0.05; Statistica 13) were computed for the 1st 
264 and 2nd PCA axis scores. Levene’s test was used to check whether the variances of two groups 
265 were heterogeneous and to choose between pooled and separate variance t-tests.
266 The complete dataset is presented in the Supplement.
267
268 Results
269
270 Stoichiometric mismatch and the limitation of bee growth and development
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271 The calculations for various pollen species (Fig. 1) indicate that the scarcity of 10 
272 elements (Mn, P, Na, Mg, K, Fe, Ca, Zn, Cu and N) in pollen impacts bee growth and 
273 development. The comparison of TSR values calculated for the pollen supplied to the bees by 
274 their mothers with those calculated for random pollen species indicated considerable differences 
275 in TSR variability for P, K, Na, Fe, Zn, Mn and Cu (Fig. 1; details in supplementary Fig. S1). For 
276 these elements, the TSRs calculated for bee-collected pollen tended to be nonlimiting, whereas 
277 those calculated for the random species had high variance with a considerable number of limiting 
278 values. Osmia-collected pollen showing unbalanced concentrations of Mg and Ca for both sexes 
279 and Mn for females was nutritionally balanced for 8 other elements (see Fig. S1 for statistics). 
280 Therefore, Osmia-collected pollen meets the nutritional needs of O. bicornis to a greater extent 
281 than does pollen produced by random plant species.
282
283 Stoichiometric mismatches depend on pollen species and on bee sex
284 Different pollen species imposed various stoichiometric mismatches on the bees (Fig. 1; 
285 details in supplementary Fig. S1 and Table S1). Sulfur was the only element for which bee 
286 demand was met by every studied pollen taxon. Of the 62 studied pollen taxa, 30 were indicated 
287 as highly limiting (3 or more elements had limiting concentrations for at least 1 bee sex), and 25 
288 taxa showed sex-dependent limiting effects (Table S1). The highly limiting plants for O. bicornis 
289 included crops, e.g., Brassica napus (rapeseed), Helianthus annuus (sunflower) and Zea mays 
290 (maize), and plants indicated as “bee-friendly”: Lavandula sp. (lavender), Centaurea solstitialis 
291 (knapweed), Salix sp. (willow) and Taraxacum vulgare (dandelion). Native, alien and cultivated 
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292 plants were suggested to promote the nutritional balance of the O. bicornis larval diet (Table S1). 
293 The most important were Trifolium (clover) with the exception of T. balance, Vicia faba (broad 
294 bean), Hypericum perforatum (St John's wort), Rubus ulmifolius (native blackberry), Juglans 
295 nigra (walnut) and Camellia japonica (common camellia) (Table S1).
296
297 Sexual dimorphism in bee demand and supply stoichiometry
298
299 Demand
300 The concentrations of C and N in dry mass did not differ between sexes with respect to 
301 bee demand (Fig. 2, see Supplement for details), but the percentage of P in dry mass was sex 
302 dependent and higher for females. Statistically significant differences were also found between 
303 sexes for the concentrations of K, Na, Zn, Mn and Cu (Fig. 2, see Supplement for details). Since 
304 the sexes were significantly differentiated in multielemental stoichiometry (PERMANOVA; 
305 R2=0.190, pseudo-F= 6.587, p=0.001), the proportional contribution of each element to the 
306 stoichiometric relationships in bee production was revealed by PCA (Fig. 3). The first two 
307 principal components (axes) explained 36.69% of the observed variance in elemental 
308 concentrations. The bees formed two groups according to their sex that were shifted diagonally. 
309 The elements that contributed most to this shift were K and Na, which loaded the 1st axis to the 
310 highest degree (loadings are represented by vectors in Fig. 3, and the length of the vector 
311 corresponds to its load), but their vectors had opposite directions (Na was highly concentrated in 
312 males with 1st axis loading of 0.85, and K was highly concentrated in females with 1st axis 
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313 loading of 0.82). Other elements that greatly contributed to the observed diagonal shifting of the 
314 sexes were Zn (1st axis loading of 0.47 and 2nd axis loading of 0.44), P (0.19 and 0.71), and Cu 
315 (0.70 and 0.05). These three elements had relatively high concentrations in female production 
316 compared with male production. Therefore, the elements that most contributed to the observed 
317 sexual dimorphism in the stoichiometry of bee nutritional demand were K, Na, Zn, P and Cu. 
318 Females showed lower variance than males in the multielemental composition of production 
319 (Levene’s test, p<0.05), i.e., females were more homeostatic in their elemental composition than 
320 males (Fig. 3).
321
322 Supply
323 The concentrations of C and N in the supply did not differ between the bee sexes (Fig. 2, see the 
324 Supplement for details), but the concentration of P in the dry pollen mass was higher for females 
325 (Fig. 2, see the Supplement for details). Statistically significant differences were also found 
326 between bee sexes for the S, Zn and Cu concentrations in the supply (Fig. 2, see the Supplement 
327 for details). The sexes were not significantly differentiated in multielemental stoichiometry 
328 (PERMANOVA; R2=0.066, pseudo-F= 1.983, p=0.14), however, considering PCA, phosphorous 
329 substantially contributed to the observed diagonal shifting, revealing high loadings for both axes 
330 (1st axis loading: 0.48; 2nd axis loading: 0.75; explained was 39.29% of the observed variance in 
331 elemental concentrations; Fig. 3). Furthermore, the C:P ratio of supply provided to females was 
332 lower than that provided to males (see supplementary P-discussion). The description and 
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333 discussion of results considering the requirement of female bees for a P-rich diet is presented in 
334 the Supplement (Appendix S2).
335
336 Discussion
337 Stoichiometric mismatches for N, P, Ca, Mg, K, Na, Fe, Zn, Mn and Cu may occur if bee 
338 larvae feed on particular pollen species (details: Figs. 1 and S1; Table S1). As a consequence, 
339 larval growth and development may be limited, negatively affecting the condition, health, 
340 fertility and fitness of the adults developing from nutritionally limited larvae (Kay et al., 2005; 
341 Kay & Vrede, 2008; Sterner & Elser, 2002). The stoichiometric mismatches calculated for the 
342 pollen supply provided to the bee larvae by their mothers were considerably lower and less 
343 variable than those suggested by the general trend for various pollen species (Fig. 1; details in 
344 supplementary Fig. S1). These results suggest that bees may either (1) be selecting specific plant 
345 species to enable stoichiometric balance of larval diets or (2) be only found in areas where plant 
346 communities provide an adequate stoichiometric balance. Consequently, if the floral composition 
347 of the bee habitat contains easily accessible but solely stoichiometrically unbalanced pollen, the 
348 bee community may be negatively impacted even if large amounts of pollen and nectar are 
349 available, influencing the bee distribution and population dynamics (Leroux et al., 2017). 
350 Therefore, irrespective of the foraging preferences of adult bees gathering nectar for themselves, 
351 O. bicornis populations can thrive and prosper only in areas where plant communities provide 
352 nutritionally adequate larval food. Within this context, the occurrence of key plant species that 
353 provide a dietary stoichiometric balance for bee larvae (e.g., Brassica kaber (syn. Sinapis 
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354 arvensis), Trifolium repens, Vicia faba, Rubus ulmifolius, and Juglans nigra; see supplementary 
355 Table S1 for more) may be a factor in shaping bee populations. Therefore, the floral composition 
356 rather than the floral diversity of an inhabited area may shape bee populations via the nutritional 
357 supply available to bees. Indeed, the species composition of the pollen supplied for progeny 
358 influences offspring size and survival (Bukovinszky et al., 2017).
359 There are several limitations to this study that need to be overcome in future work. Given 
360 the limited sample size in this study, it is possible that considering bee specimens originating 
361 from different populations would result in greater variation in the measured concentrations of 
362 elements. However, stoichiometric homeostasis predicts species-specific organismal 
363 stoichiometry that additionally suits a particular trophic group, even though intraspecific 
364 variation exists (Bartrons et al., 2018; González et al., 2018; Sterner & Elser, 2002). 
365 Nonetheless, future studies are needed to verify this. Another weakness of the study is that the 
366 literature dataset on the elemental composition of different pollens comprises different studies 
367 performed at different locations and using various methods, which may explain part of the 
368 variance in the obtained results. The majority of pollen species were investigated in a single 
369 study, and only some had data collected in 2-5 studies (see Table S1 for details). Therefore, the 
370 TSRs calculated here for various pollen species are likely variable in precision.
371 Sex-related differences were found in the demand for specific nutrients required for bee 
372 production, which were partially reflected in the pollen supply stored by female bees for their 
373 progeny. Specifically, the concentrations of P, Cu and Zn were higher for female than male 
374 demand and supply, and the differences in the demand for Mn, K (higher for females) and Na 
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375 (higher for males) were not reflected in the supply (Figs. 2 and 3). Additionally, the limiting 
376 effect of feeding on pollen produced by 25 plant taxa was dependent on bee sex (Table S1). 
377 Because females and males differ in the multielemental stoichiometry of their production, they 
378 also have different nutritional needs for attaining a stoichiometrically balanced diet (Morehouse, 
379 Nakazawa, Booher, Jeyasingh, & Hall, 2010). Accordingly, the sexes require food supplies of 
380 different stoichiometric quality to maximize their fitness. This difference might explain the sex-
381 specific reproductive investment of female bees that collect pollen mixtures with different 
382 concentrations of P, Cu and Zn for their daughters than for their sons. Therefore, O. bicornis 
383 might balance the larval diet in a sex-specific manner. An alternative explanation is possible: 
384 during the two weeks of the field study, different plant spectra were flowering at different times. 
385 Therefore, female cells, which were provisioned first, could contain different pollen spectra than 
386 male cells, which were provisioned last. However, such a mechanism would result in random 
387 changes in the nutritional composition of the collected pollen. The observed differences 
388 correlated with the specific nutritional needs of both sexes; therefore, these differences are 
389 unlikely to be caused solely by random effects. Regardless of the pollen spectra available 
390 through the two-week period of the field study, O. bicornis showed a tendency to prefer pollen 
391 species fulfilling sex-specific nutritional larval needs. The reason for the failure of the supply to 
392 reflect sex differences in demand for K, Na and Mn can only be speculated and might be either 
393 inadequate floral composition or weaker negative effects imposed on bee fitness by K, Na and 
394 Mn scarcity in larval food than by P, Zn and Cu scarcity. The sex-related differences in the 
395 biochemistry and chemical physiology of O. bicornis were reported previously (Strachecka et al., 
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396 2017). Further studies are needed to determine whether this mechanism occurs in various bee 
397 populations.
398 This study has shown that bee growth and development is limited by food quality 
399 regardless of the food quantity. These findings are relevant to the management of bees, in 
400 particular, the choice of plant species in agri-environmental schemes. For example, these 
401 findings may explain why wild bees do not use plant species sown in wildflower seed mixtures 
402 as pollen sources, as shown by Gresty et al. (2018). Gresty et al. (2018) concluded that plant 
403 species currently promoted by agri-environmental schemes are not optimal for solitary bees. The 
404 attractiveness of wildflower mixtures for wild bees depends on several key plant species 
405 (Warzecha, Diekötter, Wolters, & Jauker, 2018). Floral resource quality may thus be one factor 
406 that mediates floral choice in flower strips. Taking all of these factors into consideration, the 
407 present study may be an important first step for identifying and promoting optimal plant species 
408 in agri-environmental schemes, but detailed studies considering inter- and intraspecific 
409 differences in the nutritional quality of various pollens for various bee species are needed.
410 Key foraging resources for pollinators are provided by different habitats to various 
411 degrees (Cole et al., 2017), and resource shortages may occur in agricultural landscapes (Jachula, 
412 Denisow, & Wrzesien, 2018), resulting in a decrease in bee survival (Requier, Odoux, Henry, & 
413 Bretagnolle, 2017). To properly manage such habitats for bees, the specific nutritional needs of 
414 the bee species of interest should be understood. It is insufficient to simply enrich the bee habitat 
415 with nectar- and pollen-yielding plants while ignoring the nutritional value of these plants for bee 
416 larvae. As the nutritional ecology of wild bees is not well understood, the management of bee 
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417 habitats, especially actions undertaken to improve their nutritional base, is not effective (Gresty 
418 et al., 2018; Wood, Holland, & Goulson, 2015, 2017). Both the quality and quantity of food 
419 sources for bees should be considered in intervention strategies; planting plant species that offer 
420 pollen or nectar in large quantities but with random or unknown nutritional quality is not a good 
421 practice for improving the nutritional base for bees. For example, lavender pollen was 
422 highlighted here as stoichiometrically unbalanced for O. bicornis, yet it is considered one of the 
423 most bee-friendly plants (Garbuzov & Ratnieks, 2014). In addition, the pollen of crops such as 
424 rapeseed, sunflower and corn was noted here as unbalanced for O. bicornis (Table S1). 
425 Therefore, specific plant species that enable dietary nutritional balance might be planted near 
426 areas of crop monocultures to limit the negative influence of these crops on bee production.
427 Nutrient collapse in plant tissues has been reported in recent studies; specifically, 
428 elevated concentrations of atmospheric CO2 have been found to reduce the concentrations of 
429 important nutrients in plant tissues (Loladze, 2014), including those in pollen utilized by bees 
430 (Ziska et al., 2016). It has also been shown that crop domestication may cause a several-fold 
431 decrease in the concentration of floral rewards of nutrients important for pollinators (Egan et al., 
432 2018). Thus, understanding the demand of growing bees for a nutritionally balanced diet is 
433 increasingly important.
434 In conclusion, this study shows that the nutritional needs and nutritional ecology of bees 
435 are not as simple as we tend to assume when planning conservation strategies. Bee-friendly 
436 plants should not be defined based solely on the quantities of food produced or on the visitation 
437 rates of adult insects foraging for energy. To develop effective strategies for bee conservation, 
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438 larval nutritional needs should be considered and plants providing stoichiometric balancing of 
439 the larval diet should be included in wildflower mixes for bees. Ultimately, complementary 
440 mixes of plants, allowing the balancing of both adult and larval diets and addressing both sexual 
441 and taxonomical differences, should be provided for wild bees. More data is required to inform 
442 conservation strategies for wild bees. Such data should include (1) the nutritional requirements of 
443 larvae of various wild bees to provide knowledge on bee nutritional demands and (2) the 
444 nutritional composition of pollen produced by different plants to provide knowledge on 
445 nutritional supply in the environment. Understanding the relationship between (1) and (2) will 
446 allow us to develop effective management strategies for maintaining populations of wild bees. 
447
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449 Figure S1. (.pdf) Stoichiometric mismatches calculated for O. bicornis feeding on pollen
450 produced by 62 plant species.
451 Table S1. (.xlsx) Effects of the stoichiometry of pollen produced by various plant taxa on O. 
452 bicornis growth and development and details on the literature sources.
453 Table S2. (.xlsx) Concentrations and atomic ratios of elements measured in bee production and 
454 pollen supply for 2 sexes (12 elements); raw data and statistics.
455 Appendix S1. (.pdf) Trophic stoichiometric ratio (TSR) – full rationale.
456 Appendix S2. (.pdf) Additional discussion considering the need of female bees for a P-rich diet.
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576 Figures
577
578 Fig. 1. Use of Random Pollen May Result in Severe Stoichiometric Mismatch. The growth and development limitation was 
579 calculated as the trophic stoichiometric ratio (TSR = (C:X) Supply / (C:X) Demand; C = C concentration, X = concentration of element 
580 x) for the studied elements. The red line indicates the threshold value of TSR = 4, and TSR ≥ 4 indicates a limitation on bee production 
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581 due to the scarcity of the element in the pollen supply. Sex symbols: F – female, M – male. N = 225 for each sex. See supplementary 
582 Fig. S1 for detailed analysis.
583 The comparison of stoichiometric mismatches experienced by bees feeding on pollen provided by their mothers with those imposed by 
584 the elemental composition of random pollen species reveals high variation in the TSR values for random pollen and low variation in 
585 those for Osmia-supplied pollen loads. Bee and flower graphics: Vecteezy.com.
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586
587 Fig. 2. Concentrations of Elements Composing the Bee Supply (Pollen) and the Demand 
588 (Bee Production, i.e., Body + Cocoon) for Nutrients. Sex-related differences in the 
589 concentration of each element were tested separately for demand and supply (Mann-Whitney U, 
590 p < 0.05, N = 30). Statistically significant differences are noted with an asterisk. Detailed results 
591 and statistics are shown in the Supplement.
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592
593 Fig. 3. Multielemental Stoichiometry of Nutritional Demand of Bees and Supplied Pollen. PCA plots, N = 15 for each sex. 
594 Statistically significant difference between sexes was revealed for demand (PERMANOVA; pseudo-F= 6.587, p=0.001) but not for 
595 supply (PERMANOVA; pseudo-F= 1.983, p=0.14). The first two axes are presented, and the percentage of explained variance is 
596 given for each. The patterns shown in the graphical PCA representation were confirmed by separate variance t-tests computed 
597 independently for the 1st and 2nd axis scores (p < 0.05). Statistical significance shifted along the 1st axis for demand and along both 
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598 axes for supply. Detailed results are shown in the Supplement. High concentrations of P, Cu and Zn relative to those of other elements 
599 accounted for the differentiation of both the demand and supply of females from those of males. Females were more homeostatic in 
600 their demand, i.e. in the multielemental composition of production, than males (Levene’s test, p < 0.05).
601
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Fig S1.  Stoiiometric mismates calculated for O. bicornis  feeding on pollen
  produced by 62 plant ecies. 
To identify oiiometric mismates, the trophic oiiometric ratios (TSRs) were calculated for all 
udied elements (N, P, S, Ca, Mg, K, Na, Fe, Zn, Mn and Cu).
TSR = (C:X) Supply / (C:X) Demand ;  C  = C concentration, X  = concentration of element x.
e red line illurates the threshold value of TSR = 4, and TSR ≥ 4 indicates a limitation on bee 
produion due to scarcity of the element in the pollen supply. Sex symbols: F – female, M – male;
F M – indicates sexes for whi 50%-74% of the calculated TSR values are higher than the threshold value 
of 4;  F M – indicates sexes for whi 75%-100% of the calculated TSR values are higher than the threshold 
value of 4; Stat. di. ≥4 indicates sexes for whi calculated TSR values are atiically signicantly lower 
than 4:        and the values that do not dier from 4 or are higher than 4 are indicated as follows:  
(Mann-Whitney U; p<0.05). No. values – indicates the number of literature data values on the 
concentration of considered elements available in ecic pollen ecies and used to compute the TSR 
values. N = 225 for ea sex. Details on the literature data used are presented in S1 Table. Bee and ower 
graphics: Veeezy.com.
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Sex-related dierences in P demand and supply are particularly intereing in the con-
text of the growth-rate hypothesis, whi poulates a positive correlation among P con-
centration, organismal RNA and growth rate (Sterner & Elser, 2002). e pollen provided 
to female bees was rier in P than that provided to male bees, and the provisions diered 
between the sexes in the atomic C:P ratio (lower in female-provided pollen) but not in the 
N:P ratio. Similarly, female produion was rier in P than male produion, but the 
atomic C:P and N:P ratios in the produion of both sexes were similar. Nitrogen is a 
primary conituent of proteins, and both bee sexes may have similar protein pools and 
conserved C:N and N:P ratios in their produion. e high demand of females for nucleic 
acids and RNA is the faor mo likely reonsible for the observed dierences in P con-
centration between the sexes (Sterner & Elser, 2002). P-ri females that feed on P-ri 
pollen may rea large sizes, and large size has signicantly positive ees on fecundity, 
egg size, the invement in progeny and ne usurpation behavior, whi positively inu-
ence tness in mason bees (Kim, 1997). In O. bicornis, body size is a key tness compo-
nent for females but not for males (Seidelmann, 2014). e higher P concentration in 
females may also be related to the invement of P-ri nucleic acids in growing oocytes to 
support early embryogenesis (Markow et al., 1999). erefore, females appear to have a 
diroportionate P requirement compared with males, and provisioning daughters with 
P-ri pollen may be evolutionarily favored by increased tness.
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Fig 4. Pollen Supplied to Female Progeny has a Lower C:P Ratio than does Pollen Supplied to Males. 
PCA Plots – multivariate analyses of the mo important O. bicornis elemental budget oiiometric ratios 
(N:P, C:P and C:N) (demand and supply – sex-related dierences). e r two axes are presented, and the 
percentage of explained variance is given for ea. e patterns shown in the graphical PCA representation 
were conrmed by t-tes computed independently for the 1 and 2nd axis scores (p < 0.05). No atiically 
signicant shiing was observed for demand, but atiically signicant shiing occurred along both axes 
for supply. Detailed results are shown in the Supplement. Pollen provided to females diered from that 
provided to males along the C:P veor, and C:P was lower for pollen provided to females. e N:P and C:N 
ratios in supply did not dier between the sexes. In terms of produion, the N:P, C:P and C:N ratios were 
more homeoatic for females than for males (Levene’s te, p<0.05).
Additional discussion considering the need of female bees for a P-ri diet
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Trophic stoichiometric ratio (TSR) – full rationale 
 
When the chemical compositions of consumers tissues and their foods are mismatched, 
major life history traits and fitness are affected. Adult bodies are already built; therefore, their 
functionality is limited mainly by energy. Nevertheless, the ability to build an adult's fully 
functional body is influenced by the availability of specific body-building nutrients during an 
organism's juvenile stage. Hence, limitations experienced during the juvenile stage influence life 
history traits, physiology and morphology (e.g., adult size, adult condition, adult fertility, 
longevity of development, functioning and size of organs) and thus the fitness of the adult. In 
consequence, such limitations shape ecological interactions. Therefore, the proportions of 
nutrients in organisms and their food might be a currency of choice in studies of ecology and 
evolution. In this context, under the framework of ecological stoichiometry, a convenient tool 
was proposed that facilitates identifying and comparing the fitness-limiting effects imposed on 
organisms by their food's nutritional composition: the trophic stoichiometric ratio (TSR). The 
TSR uses the ratio of C:any other considered non-C element as a proxy for the nutritional 
mismatch between a consumer and its food (therefore, one can use ratios of more elements than 
the commonly studied C:N:P). The TSR indicates the threshold point at which the non-C element 
is a limiting factor for the growth and development of a consumer and is calculated as follows: 
𝑇𝑇𝑇𝑇𝑅𝑅𝑥𝑥 =  (𝐶𝐶:𝑋𝑋)𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓/(𝐶𝐶:𝑋𝑋)𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, where C is the concentration of carbon, and X is the 
concentration of any non-C element x. If 𝑇𝑇𝑇𝑇𝑅𝑅 ≥ 4 (justification below), then the growth and 
development of a consumer is limited by the scarcity of non-C element x. The TSR index may be 
understood as an indicator of the highest possible concentrations (threshold points) of the 
considered elements in food that limit the growth and development of a consumer in its juvenile 
stage. The TSR index calculated for multiple elements indicates a colimiting effect caused by 
food scarcity in the elements for which consumer demand is higher than supply. The TSR index 
considers nutritional demand and supply for multiple elements and should be always understood 
within the context of multielemental stoichiometry. Therefore, as was suggested by Kaspari and 
Powers (2016), the TSR index considers biogeochemical colimitation instead of Liebig’s law of 
the minimum, which is limited to highly simplified scenarios. 
The TSR might be used in studies working with whole food webs and with nutritional 
flows within and between ecosystems that are driven by consumers facing specific nutritional 
limitations. Likewise, the TSR might be applied to the study of multidimensional stoichiometric 
niches of coexisting species that theoretically occupy similar ecological niches but might use 
food resources with different stoichiometries. Studies concerning life history evolution and 
optimization could also use the TSR because this index enables the detection of limiting 
stoichiometric mismatches and comparisons between various taxa, habitats and foods. The 
calculation and justification for the TSR index is presented below. 
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The fundamental index in ecological stoichiometry is the threshold elemental ratio (TER). 
This index allows the calculation of the limiting effect imposed on an organism by stoichiometric 
mismatches. The TER is the lowest atomic ratio of C:other element in food at which the 
consumer’s growth and development is limited by the scarcity of both C and the non-C element 
in the food (Denno & Fagan, 2003; Fagan & Denno, 2004; Hessen, Elser, Sterner, & Urabe, 
2013; Sterner & Elser, 2002; Urabe & Watanabe, 1992). The basis for calculating the TER 
represents the consumer’s requirement for energy and matter during growth and development. 
This requirement is represented by utilizing the consumer’s respiration rate of C as well as 
ingestion rates and assimilation rates of C and the non-C element. Hence, both (1) the energy 
budget, measured as the C balance, and (2) the budget of any non-C element are considered. 
The TER is understood as follows (Denno & Fagan, 2003; Fagan & Denno, 2004; Sterner 
& Elser, 2002; Urabe & Watanabe, 1992): 
 
       (1) 
where GGEx is the gross growth efficiency of element x; GGEC is the gross growth efficiency of 
carbon; i is the trophic level; C is the concentration of carbon; and X is the concentration of 
element x. 
If 
,           (2) 
then element x may become a limiting factor for growth at trophic level i+1. 
Following Hessen et al. (2013)., the TER for any C:X ratio, where X is any element other 
than C, may be calculated as follows: 
 
,      (3) 
where AX and AC are the assimilation rates for elements C and X, respectively; IC is the C 
ingestion rate; RC is the C respiration rate; and (C:X)i+1 is the atomic ratio of C:X in the 
consumer’s body. 
However, in the case of herbivorous invertebrates, utilizing this index for certain 
elements is technically impossible. The gross growth efficiencies should be experimentally 
measured using laboratory feeding trials in growing animals. Such data are extremely scarce and 
practically nonexistent for elements other than N and P. For organisms that feed on extremely 
nutritionally scarce food and present low growth rates and larval development for as long as 
several years (e.g., wood-eaters), obtaining all of the necessary data is practically impossible. In 
practical terms, the TER index for invertebrates can only be estimated using arbitrary 
assumptions (Doi et al., 2010; Fagan & Denno, 2004; Frost et al., 2006). To allow the 
identification of multiple elements that colimit the development of an organism and facilitate 
comparisons between various taxa, habitats, food and life histories, the trophic stoichiometric 
ratio (TSR) was developed. The TSR is a simplified version of the TER that solely utilizes the 
( ) ( ) 1 /   :x x C iTER GGE GGE C X += ×
( ):  xiC X TER≥
( ) ( ) 1{ ] / [ / } :X X C C C C iTER A I A R I C X += − ×
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data of the elemental composition of the organism and its food, and feeding experiments are not 
required (Filipiak & Weiner, 2017). The TSR is based on the following: 
 
       (4) 
The minimum balanced ratio of (GGEx/GGEC) can be estimated as 1/0.25 = 4, assuming 
that 75% of the consumed carbon is released as CO2 and that the other consumed elements are 
incorporated with 100% efficiency. Hence, it is conservatively assumed that for (C:X)i / (C:X)i+1 
≥ 4.0, the element x may impose a constraint on growth (Doi et al., 2010). Therefore, the TSR is 
calculated as follows: 
,        (5) 
where C is the concentration of carbon, and X is the concentration of element x. 
A TSRx ≥ 4 indicates a possible limitation on the growth and development of an organism 
that feeds on the given food due to the scarcity of element X in the food. The higher the TSR 
value, the more severe the limiting effect. Various elements may be differentially acquired, 
assimilated, reused, and excreted. The TSR index compares the elemental composition of an 
animal’s body and the food eaten (not the food assimilated). The matter assimilated into the body 
has a different elemental composition from that of the ingested matter. The limitation posed on 
growth and development is rooted in the physiological effort required to assimilate needed atoms 
into the body and to avoid surplus atoms; i.e., it is costly. This effort and its cost are proportional 
to the difference between the stoichiometry of the food eaten and stoichiometry of the 
assimilated matter. The stoichiometric mismatch represented by the TSR index is the 
mathematical illustration of this physiological effort and its cost. Because the TSR index assumes 
that noncarbon elements are assimilated from food at a maximum rate (100%), the actual 
mismatches in natural situations may be greater but will not be less than the estimated TSR 
values. Therefore, the TSR index serves as a conservative but convenient tool that facilitates the 
detection of elements that colimit development and comparisons of the severity of the limitations 
imposed by various foods on different consumers. On that basis, testable hypotheses can be 
generated to better understand both (1) the biomass and nutrient flow within and between 
ecosystems and (2) the nutritional ecology of organisms and the relationship between organisms 
and their various food sources, including plant-insect interactions (e.g., (Filipiak, 2018; Filipiak, 
Sobczyk, & Weiner, 2016; Filipiak & Weiner, 2014; Filipiak & Weiner, 2017)). 
 
Statistical analysis 
To analyze whether the obtained TSR values differed significantly from the threshold value of 4, 
the Mann-Whitney U test was calculated separately for every bee sex, pollen species and element 
(p<0.05). The results of the statistical analysis are shown in supplementary Fig. S1.  
( ) ( ) 1: /  :  /   Cxi iC X C X GGE GGE+ ≥
( ) ( ) : / :x food consumerTSR C X C X=
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